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Introduction
Uranium dioxide, the main component of nuclear fuels, has received much attention for more than 50 years. The behavior of nuclear fuels under irradiation is rather well *Corresponding author : riteshmohun@ymail.com ° now at ISTO, UMR 7327 CNRS / Univ. Orléans / BRGM M A N U S C R I P T
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2 experimentally characterized [1, 2, 3, 4] and simulated by numerical models [5, 6, 7, 8, 9] , but the physical mechanisms that occur during the irradiation of UO 2 fuels are still subject of intense research. One major hurdle is the low number of experimental results relevant to the validation of point defect models, from which the UO 2 behavior could be deduced. Raman spectroscopy offers an alternative approach for the characterization of irradiation-induced defects in nuclear fuels. The occurrence of a specific Raman signature referred to as the Raman triplet defect bands, in doped or irradiated UO 2 , appears as a promising path for the understanding of irradiation effects on UO 2 fuels [10, 11, 12, 13] .
Irradiation damages in solids are usually assigned to either electronic or nuclear stopping power. Guimbretière et al. [14] showed that the highest intensity of the Raman defect bands occurs principally in areas where the incident ions deposit their maximum energy. But no definitive conclusions can be derived from these findings considering that both electronic and ballistic stopping powers coexist in ion irradiation experiments.
Moreover, Maslova et al. [15] recently showed that it is difficult to study the intensity of the defect bands as a function of stopping power. The authors reported that the intensity of the only Raman active T 2g mode which occurs in UO 2 strongly depends on the crystallographic orientation. Most of the Raman data available in the literature were obtained on polycrystalline samples; thus no quantification of the Raman data is possible until a well-suited method is developed that takes into account the grain orientation effects.
In the present study, an electron irradiation experiment of several sintered UO 2 disks was performed to attribute the Raman triplet defect bands to damages created either in the electronic or nuclear-stopping power regimes. Positron annihilation spectroscopy (PAS) was used as a complementary characterization tool to support the Raman results.
The study was extended to identify the types of irradiation defects responsible for the apparition of the Raman defect bands.
Experimental

Materials
Sintered UO 2 ceramics (8 mm diameter and 500 µm thickness) were manufactured at the Laboratoire des Combustibles Uranium (LCU) at CEA-Cadarache, France. The disks were heat-treated at 1400°C under dry Ar/H 2 and mirror-polished on both surfaces for subsequent ex situ Raman and PAS measurements. The measured average grain size was large (typically, in the 10-30 µm range) and the volume fraction represented by the grain boundaries remained low.
Irradiation
The electron irradiation experiment was performed using the SIRIUS Pelletron accelerator at the Irradiated Solids Laboratory (LSI) at École Polytechnique, Palaiseau, France. Several sintered UO 2 disks were irradiated in the 1.6-2.5 MeV electron energy range. The irradiation was carried out such that the electrons are allowed to irradiate the front UO 2 surface and then emerge through the back surface.
The total electron energy loss resulting from the collisions of the electrons with U and O atoms was estimated by the ESTAR program code [16] and the Non-Ionizing Energy Loss (NIEL) calculator [17] respectively. The calculations showed that the total energy loss (electronic + nuclear) for the different electron energies lies close to 1.04-1.08 keV/µm. The 500 µm thickness of the disks indicates that the electrons lose ~500 keV in their interactions with the U and O atoms during the sample crossing. For instance, electrons with an initial 2.2 MeV will reach the rear surface with an energy of ~1.7 keV.
For this study, a 1.8 Coulomb electron charge was initially aimed for the different electron beam energies, but it was difficult to replicate the targeted electron charge for all the irradiation campaigns. The latter was due to technical constraints related to the functioning of the accelerator. Table 1 summarizes the different experimental parameters that were achieved during the UO 2 irradiation study. The spectrometer was equipped with a 632.8 nm excitation laser and a holographic grating of 1800 grooves/mm for a spectral acquisition between 400 and 700 cm -1 . These configurations were sufficient to allow a 2-3 cm -1 spectral resolution.
As the intensity of the only Raman-active T 2g mode depends on crystallographic orientation, an ex situ Raman mapping of the virgin and irradiated surfaces was carried out to select the UO 2 grains with the maximum Raman intensity, with (100) planes closely parallel to the surface sample. For such orientation, the Raman intensity will depend on the polarization conditions in the following way: in VV configuration (parallel polarizations for incident and scattered light), the intensity is maximum when M A N U S C R I P T A C C E P T E D values measured in a reference UO 2 defect-free sample obtained after annealing at 1700°C during 24 hours in Ar/H 2 atmosphere [19] .
Results
Raman spectra analysis
The Raman measurements of the UO 2 surfaces initially irradiated at 2.0 MeV (1.8 C), The spectrum of the virgin UO 2 indicates the presence of the only Raman active T 2g mode occurring at 445 cm -1 . The latter is referred to as the symmetry Raman-allowed phonon scattering of UO 2 and is the signature of compounds exhibiting the Fm-3m
space group [20, 21, 22] . The absence of other noticeable peaks suggests that the UO 2 disks were close to stoichiometry before irradiation [23] .
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7 Figure 1 shows that electron irradiation induces the apparition of the Raman triplet defect bands in the 500-700 cm -1 spectral range, denoted by U1 (~532 cm -1 ), U2 (~574 cm -1 ) and U3 (~636 cm -1 ). First of all, these spectra look rather similar to those previously obtained under ionic irradiation [10, 11] . The T 2g mode looks only slightly affected and the three defect lines occur. The spectra for the irradiated disks shown in [24] , displays a small peak at the T 2g frequency emerging from a broad continuum, that implies a T 2g Raman response much more affected (intensity decrease and broadening) that seen here in Figure 1 . This means that the system keeps a crystalline type order.
The intensity of the defect peaks increases as a function of electron energy and is consistent with the increase defects concentration in the UO 2 samples. However, the intensity increase observed in this study is less prominent compared to data reported for alpha and heavy-ion irradiation [10, 11, 25] . Though the Raman defect bands appear clearly for the 2.5 MeV irradiated disk, it is difficult to estimate the electron energy threshold for the defect peaks from Figure 1 . A data analysis strategy was adopted to extract the relative intensities of the U1, U2 and U3 peaks as a function of electron energy.
The methodology consisted of an initial baseline subtraction of the raw Raman data to eliminate residual fluorescence signals and background noises. The value of the T 2g peak intensity (T 2gMAX ) after the baseline subtraction was then recorded. The 510-698 cm -1 spectral range was selected and normalized by the T 2gMAX value. These procedures were applied to each of the acquired spectra. Finally, the Raman spectra of the irradiated disks were subtracted with a reference virgin UO 2 spectrum to reveal the irradiation-
induced modifications on the Raman spectra. The main source of error in our approach resides on the removal of background noises, and according to Lewis et al. [26] , a relative error of 10% needs to be considered based on the signal to noise ratio following the initial baseline subtraction. As it can be evidenced in Figure 2 , the intensity of the Raman triplet defect bands appears very low for electron energy less than 2.0 MeV. However, the triplet defect peaks become prominent as the electron energy is further increased and are seen to occur at 532 cm -1 , 574 cm -1 , and 636 cm -1 respectively. A classical line fitting procedure, previously proposed by Guimbretière et al. [14] , was carried out by fixing the positions of the defect bands. The intensity values for the three peaks at different electron energies were extracted and are shown in Figure 3 .
[ Figure 3 about here.]
The figure indicates that the U1, U2 & U3 bands follow a similar behavior under irradiation. It can also be observed that the Raman triplet defect bands do not appear with our error bars below 1.8 MeV, but they show a gradual increase in the 1.9-2.5
MeV electron range.
PAS characterizations
DB-PAS measurements were initially conducted on the surfaces of the virgin UO 2 disk used in this study (referred to as "UO 2 Bulk" for the PAS analysis). It is worth noting
that a UO 2 previously annealed at 1700°C for 24 hours under Ar/H 2 reducing environment is considered as a reference "defect-free" UO 2 lattice (referred to as "UO 2
Lattice") for the PAS measurements at CEMHTI-CNRS [19] . The obtained findings for the UO 2 Bulk and the reference UO 2 Lattice were compared to account for the effect of annealing temperatures.
The front and back surfaces of the UO 2 disks irradiated at 2.1 MeV (1.686 C), 2.2 MeV in UO 2 showed that the D e -line corresponds to a neutral complex defect, made of one uranium vacancy and two oxygen vacancies, which is referred to as Schottky defects.
From Figure 4 , the S(W) point for the virgin UO 2 Bulk lies on the Schottky De-line but away from the reference UO 2 Lattice point. This indicates the presence of intrinsic defects in the virgin UO 2 samples used in this study and can be attributed to the lower annealing temperature (1400°C) employed compared to the defect-free UO 2 lattice (1700°C). Guimbrètiere et al. [14] evidenced a grain boundary Raman signal at 555 cm -1 for UO 2 ceramics annealed at 1700°C. A lower annealing temperature was used in this study to avoid significant contribution of the grain boundary signal because it occurs in the same spectral range as the irradiation-induced Raman bands. However, the concentration of intrinsic defects in the virgin samples can be considered to be very low because the UO 2 Bulk point appears relatively close to the reference UO 2 Lattice point. Let us underline here that in PAS measurements, the analyzed zone is macroscopic compared to the size of grains, and the PAS response integrates contributions of grain cores and grain boundaries, and is then completely dominated by the cores, due to the core/boundary relative surfaces.
In regards to the irradiated samples, electron irradiation causes a gradual shift of the S(W) points from the UO 2 Lattice, thus indicating that Schottky-type defects are created under all irradiation conditions. The concentration of defects can be seen to depend on electron energy. The effect of electron charge can be observed by considering the UO 2 disks irradiated at 2.4 MeV with a low (0.24 C) and high (1.43 C) charge. Figure 4 shows that the shift of the S(W) point relative to the reference UO 2 Lattice point is more M A N U S C R I P T
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11 important for the high electron charge and hence confirms that the concentration of Schottky defects also depends on the electron charge.
Discussion
In this section, a detailed interpretation of the experimental findings is carried out to investigate the origin of the Raman triplet defect bands. An attempt is then made to identify the defect types responsible for the apparition of the irradiation-induced Raman peaks.
Attribution of the Raman triplet defect bands to nuclear or electronic stopping power
The experimental results revealed that the irradiation-induced Raman bands behave identically under irradiation. It was also evidenced that the concentration of defects depends on the electron charge. The overall change in the defect band intensity (U1+U2+U3) for the different electron irradiations that were achieved with a sufficiently high electron charge (1.43-1.8 C) was only considered for the data interpretation. The obtained findings are presented in Figure 5 .
[ Figure 5 
about here.]
The intensity of the Raman defect bands remains negligible below 1.8 MeV but then increases almost linearly when the electron energy is increased up to 2.5 MeV. The figure also shows that the electron energy threshold for the apparition of the Raman defect bands can be estimated to be between 1.8-1.9 MeV.
The ESTAR program code [16] and the Non-Ionizing Energy Loss (NIEL) calculator [17] were used to determine the values of the electronic and nuclear stopping of the electrons in UO 2 . These theoretical values were required to investigate the origin of the M A N U S C R I P T
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Raman defect bands. The calculated electronic and nuclear stopping powers, in the 1.0-2.5 MeV electron energy range, are illustrated in Figure 6 .
[ Figure 6 about here.]
From Figure 5 and Figure 6 , the intensity of the Raman defect bands is observed to follow a similar trend as the nuclear stopping power; both do not display significant evolution below 1.5 MeV but are characterized by a continuous increase between 1.8
MeV and 2.5 MeV. On the contrary, the energy loss due to the inelastic collisions of the electrons with the U and O atoms remains almost constant over the entire electron energy range. These results suggest that the irradiation-induced bands observed on the Raman spectra of irradiated UO 2 take their origin from the elastic collisions of incident electrons with U and O atoms and are due to the formation of atomistic defects.
Attribution of the Raman triplet defect bands to the defect types resulting from the elastic collisions
Electron irradiation can induce atomic defects given that the energy of the incident electrons is high enough to displace atoms from their normal positions in the crystal lattice. As previously reported in this study, PAS measurements confirmed the presence of point defects in the irradiated disks. The concentration of displaced atoms was also observed to depend on electron energy and irradiation charge. In regards to Raman spectroscopy, the increase of the defect bands intensity in the ballistic regime indicates that they are consistent with atomistic defects. This study was extended to identify the defect types that induce the apparition of the Raman triplet defect bands, i.e., to differentiate between uranium and oxygen defects.
The concentration of uranium and oxygen point defects were calculated using differential cross-section values for displacements in the UO 2 lattice as reported by
Soullard [28] . The calculated point defect concentrations as a function of electron energy are presented in Figure 7 .
[ Figure 7 about here.] Figure 7 shows that electrons with energy greater than 1.6 MeV are required to induce displacements in the uranium sub-lattice. The concentration of uranium defects can also be observed to depend on electron energy. According to Soullard [28] , electron energies as low as 0.5 MeV are sufficient to displace oxygen atoms, but their concentration remains unchanged between 1.4 MeV and 2.5 MeV.
The increase in the uranium defect concentration, observed between 1.8 MeV and 2.5
MeV, is consistent with the evolution of the Raman triplet defect bands in the same energy range ( Figure 5 ). These results indicate that the irradiation-induced Raman bands are linked to uranium-type point defects, but through an indirect mechanism; the defects lower the local symmetry, giving rise to new allowed modes in a lower symmetry group. But these new modes are dominated by oxygen vibrations, due to their frequency range. The Raman data are also supported by PAS measurements which showed the presence of Schottky defects, i.e., point defects involving uranium vacancies, in the irradiated UO 2 samples. The good agreement between the DB-PAS S-parameter and the intensity of the Raman triplet defect bands for the same electron energy and irradiation charge can be evidenced in Figure 8 . The latter reveals that both methods characterize defects resulting from displacements in the uranium sub-lattice.
[ MeV and 1.9 MeV. On the other hand, PAS method can characterize point defects that are generated by electrons with energy close to 1.6 MeV. The difference in the electron energy threshold can be attributed to the much higher sensitivity of the PAS to characterize defects compared to Raman spectroscopy.
Raman triplet defect bands: Uranium interstitials vs. Uranium vacancies
The electron irradiation experiment allowed to assign the Raman defect bands to irradiation damages involving uranium-type point defects. However, additional information is still required to differentiate between uranium interstitials and uranium vacancies. The Raman and PAS data available in the literature were considered to determine the exact origin of the Raman defect bands.
Labrim et al. [29] investigated the thermal evolution of the S and W annihilation parameters of a 45 MeV alpha-irradiated UO 2 disk. The authors reported that the PAS signals, which are relevant to uranium vacancy-related defects, are annealed at temperatures between 800°C and 1300°C. These data are in good agreement with studies carried out by Nakae et al. [30] and Weber [31] . On the other hand, Desgranges et al. [32] studied the annealing behavior of the Raman triplet defect peaks under hightemperature conditions and showed that the defect bands induced by a 25 MeV alpha beam are annealed between 375°C and 525°C.
The difference in the annealing temperatures indicates that these two methods characterize different types of uranium defects. In this study, the presence of irradiationinduced Schottky defects was confirmed by PAS due to the annihilation of positrons in negatively charged uranium vacancy sites (which is not the case for oxygen vacancies).
PAS is predominantly sensitive to vacancy-type defects; thus, it can be stipulated that M A N U S C R I P T
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the Raman triplet defect bands are due to a complex defect that involves uranium interstitials.
In this study, it was observed that electron irradiation induces a relatively low concentration of point defects. It is therefore unlikely that the new chemical bonds they generate are at the origin of the triplet defect bands. However, each point defect can cause a re-arrangement of the atoms which surround or are located near the defect. This results in a slight displacement of these atoms from their original positions and gives rise to a domain with a specific symmetry which is different from that of the Fm-3m prevailing in UO 2 . It is most likely that these domains have a symmetry lower than Fm3m with the loss of one or more symmetry elements, such as translational symmetry, centering F or a symmetry operation, like for instance mirror or rotation operations and is responsible for the apparition of the Raman triplet defect bands. A study is currently underway to determine the loss of which element of symmetry could be at the origin of the appearance of the defect bands.
Conclusions
This study was devoted to provide an in-depth analysis of the triplet defect bands that appear on the Raman spectra of irradiated nuclear fuels. An experiment was performed whereby several sintered UO 2 disks were irradiated with electrons of different energies and were then subjected to ex situ Raman and PAS measurements.
Experimental results showed that the electron energy threshold for the apparition of the Raman triplet defect bands lies between 1.8-1.9 MeV, beyond which the intensity of the defect bands exhibits a continuous increase up to 2.5 MeV. This observation is in good agreement with the evolution of the nuclear stopping power in the same energy range M A N U S C R I P T
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and implies that the Raman defect bands are due to the formation of atomistic defects resulting from the ballistic collisions of the incident electrons with U and O atoms.
A detailed Raman analysis coupled with PAS measurements showed that the Raman bands occur due to displacements in the uranium sub-lattice. These point defects induce the re-arrangement of UO 2 lattice atoms giving rise to domains with a specific symmetry which is different from that of the Fm-3m prevailing in UO 2 .
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